The selenium (Se) concentration of paired blood and serum samples from cattle was determined by 2 methods: 1) atomic absorption spectroscopy using hydride generation (HG-AAS), and 2) inductively coupled argon plasma emission spectroscopy using hydride generation (ICP). Samples from 327 cattle were analyzed by HG-AAS, and samples from 344 cattle were analyzed by ICP. The data were examined by linear regression analysis, and the technique of inverse prediction was utilized to determine prediction intervals for estimating blood Se concentration from known serum Se concentration. The correlation coefficients, by simple linear regression of serum Se on blood Se, were 0.79 (r 2 = 0.62) and 0.88 (r 2 = 0.77) for the HG-AAS data and the ICP data, respectively. For the HG-AAS data, the inverse prediction formula for estimating blood Se when serum Se is known, at the 95% prediction interval, was
For the ICP data, the inverse prediction formula for estimating blood Se when serum Se is known, at the 95% prediction interval, was
The prediction intervals were quite wide, and the accuracy of estimating blood Se from a known serum Se was not useful for diagnostic purposes. The use of serum Se concentration to assess nutritional status of cattle with respect to Se does not appear to be appropriate. Selenium (Se) is an essential trace element for mammals and is part of the enzyme glutathione peroxidase (GSH-Px; EC 1.11.1.9). 9, 10 Selenium deficiency in cattle is a common condition and can result in diseases such as nutritional myodegeneration (NMD; white muscle disease), retained placenta, infertility, and myodegeneration with myoglobinuria in adult cattle. 1, 8 Supplementation of cattle with Se is a common practice throughout North America and can be accomplished with Se injections, Se-containing salt mixtures, Se-containing premixes added to diets, and intrareticu-lar Se boluses. 3, 8 Accurate assessment of the nutritional status of cattle with respect to Se is important because excess Se can be a potent toxin. 9 Nutritional Se status in cattle can be determined by measuring Se concentration or GSH-Px activity in a number of tissues such as muscle, liver, or kidney. 8 In a clinical setting, tissues of convenience include blood and serum or plasma. Approximately 98% of the GSH-Px activity in peripheral blood is associated with the erythrocytes, and approximately 73% of the blood Se is contained in the cellular component of blood. 13 The life span of erythrocytes in adult cattle is approximately 160 days, 5 and circulating erythrocytes do not retain the ability to incorporate Se into GSH-Px. The erythrocytes of cattle contain only Se-dependent GSH-Px activity; 12 therefore, blood or erythrocyte Se concentration and blood or erythrocyte GSH-Px activity are excellent indicators of long-term Se status in cattle. Serum samples are also used for many diagnostic tests, including measurement of serum Se concentration. The objectives of this study were to determine the quantitative relationship of serum Se to blood Se by com- Figure 1 . The regression of serum selenium on blood selenium for cattle specimens analyzed by atomic absorption spectroscopy. y = 0.0095 + 0.33 x, r 2 = 0.62, P < 0.0001. mon analytical methods and to determine if serum Se concentration is an accurate predictor of blood Se concentration.
Materials and methods

Specimens
Blood samples, collected in anticoagulant (ethylenediaminetetraacetic acid [EDTA]) tubes, paired with serum samples were obtained from 327 cattle of various ages and breeds for Se analysis by hydride generation atomic absorption spectroscopy (HG-AAS). These specimens were part of a regional survey conducted by 1 of the authors (CCG). The cattle sampled were maintained on ranches in Washington and Idaho. The samples were transported to the Washington Animal Disease Diagnostic Laboratory (WADDL) at Pullman and were stored at 4 C until analyzed. Three hundred forty-four blood (EDTA) samples and associated serum samples from cattle of various ages and breeds submitted to the California Veterinary Diagnostic Laboratory System (CVDLS) at Davis were analyzed for Se concentration by inductively coupled argon plasma emission spectroscopy (ICP). These samples were submitted by veterinarians for determining Se status of cattle with suspected Se deficiency as well as for monitoring long-term Se supplementation. Of the 344 pairs of blood and serum specimens, 23 animals were sampled 3 times, 74 animals were sampled twice, and 127 animals were sampled once. These specimens were stored at 4 C until analyzed. All cattle tested were clinically normal and were selected as representative of the herd.
Chemical analyses
HG-AAS. An atomic absorption spectroscopy unit with a mercury/hydride generation system a was used for Se analysis for samples submitted to WADDL. Three to 5 g of blood (EDTA) or serum was weighed into a Teflon container, and 6 ml of concentrated HNO, was added. The Teflon lid was placed on the container, and the solution was heated for 6-12 hr at 70 C. After cooling, 10-15 ml of distilled water was measured into the container. A 1.0-ml aliquot of this solution was placed into the reaction flask, diluted with 9.0 ml 1.5% HCl, and analyzed. 2,4 Three additional aliquots were spiked with Se solutions of known concentrations (0.005, 0.01, and 0.05 µg/ml), then diluted with 9.0 ml 1.5% HC1 and analyzed. 2,4 A calibration plot was established, using the method of additions, and the Se concentration of the sample unknown was determined. 2 The detection limit for Se in blood or serum is 0.01 µg/ml by this method. 2, 4 ICP. An ICP unit b was used for Se analysis of the paired blood and serum samples submitted to CVDLS. This method measures Se as H 2 Se by ICP atomic emission at 196.090 nm. 15 The detection limit for this method is 0.004 µg/ml and for a 10:1 dilution of a nominal 1-g sample, the detection limit in blood or serum is 0.004 µg/ml. 15 
Statistical analyses
The data derived from the HG-AAS ( n = 327) and from the ICP ( n = 344) were analyzed separately. In both cases, data were subjected to linear regression analysis and correlation coefficients were calculated. 14 A square root transformation of the independent variable (blood Se) was also included prior to the application of a forward stepwise selection procedure. 11 Square and logarithmic transformations of the independent variable were also performed; however, the square root transformation gave the highest correlation coefficient and was reported. Two dummy variables, representing the 3 possible sampling frequency situations that occurred with the ICP data, were also included in the stepwise regression model to test for differences? The technique of inverse prediction, or calibration, was used to determine the 80% and 95% prediction intervals for predicting a single animal's blood Se from a single serum Se value. 14, 16 
Results
Using the HG-AAS data (n = 327; blood Se range = 0.01-0.32 µg/ml, blood Se mean = 0.104 ± 0.057 µg/ml; serum Se range = 0.01-0.13 µg/ml, serum Se mean = 0.044 ± 0.024 µg/ml), the regression of serum Se on blood Se was y = 0.0095 + 0.33x, where x = blood Se, y = serum Se, the y intercept (a) for predicting blood Se when serum Se is known, at = 0.0095 and the slope (b) = 0.33 (from the general the 80% prediction interval, was formula y = a + bx) (Fig. 1 ). The correlation coefficient was 0.79 ( r 2 = 0.62 can be derived. The 80% inverse prediction interval (Fig. 4) Precise confidence limits on the inverse prediction of blood Se from serum Se using this model are tedious (Fig. 2) .
to calculate from this formula; however, an approxi-Using the ICP data ( n= 344; blood Se range = 0.005-mation can be obtained graphically ( Fig. 5 ). 14 0.292 µg/ml, blood Se mean = 0.103 ± 0.080 µg/ml;
The predicted blood Se concentrations based on HGserum Se range = 0.005-0.104 µg/ml, serum Se mean AAS data and ICP data are listed for serum Se values = 0.043 ± 0.030 µg/ml), the regression of serum Se of 0.01, 0.05, and 0.10 µg/ml at the 95% inverse preon blood Se was diction interval (Table 1) . Because the ICP data cony = 0.0088 + 0.33 x, sisted of 3 subsets of data from animals sampled 1, 2, and 3 times, 2 dummy variables representing sampling where x = blood Se and y = serum Se (Fig. 3 ). The frequency were tested in both the single-term and excorrelation coefficient was 0.88 ( r 2 = 0.77). Application panded models. The groups sampled 2 and 3 times of the forward stepwise selection procedure found the were not significantly different from each other (P = square root of blood Se to significantly improve (P < 0.63 and P = 0.89, in the simple and expanded models, 0.0001) the fit, resulting in the following expanded respectively). However, in both models, the group relationship:
sampled once was significantly different (P < 0.0001) from those sampled 2 or 3 times. The ratio of blood Se to serum Se for the HG-AAS where x = blood Se and y = serum Se, adjusted R 2 = method was 2.41 ± 0.81 and for the ICP method was 0.82 ( Fig. 3) . Rearranging the simple linear regression 2.25 ± 1.12. However, this ratio was not constant over model for the ICP data, the inverse prediction formula the range of blood Se values. Table 1 . Prediction of blood selenium (Se) concentration from selected serum Se values as determined by hydride generation atomic absorption spectroscopy (HG-AAS) and inductively coupled argon plasma spectroscopy (ICP) using the inverse prediction relationship at the 95% prediction interval. Figure 5 . The expanded regression model and 95% prediction interval using the square root of blood selenium (Se) as measured by inductively coupled argon plasma emission spectroscopy. y = -0.017 + P < 0.0001. The inverse prediction interval of a given serum Se value can be determined by following the serum Se value parallel to the x axis until the 95% confidence limit is reached either to the left or the right of the central curve, Because diagnostic and clinical decisions must be based and the blood Se values at those points on the x axis are the inverse on Se concentrations of diagnostic specimens, serum prediction intervals. 14 
Se values must allow discrimination between normal Se status and Se deficiency. Using the ratio of blood
Discussion
Se to serum Se, approximately 67% of a normally distributed population would have blood : serum ratios of The ICP method has a detection limit similar to that 1.6-3.4:1 for the HG-AAS data and 1.1-3.4:1 for the reported for the fluorometric procedure using 2,3-di-ICP data. Using these ratios, whether the blood Se is aminonaphthalene, 9, 15 and in an interlaboratory study, in the reference range or in the deficient range cannot the mean cattle blood Se results obtained by fluorom-be determined based on serum Se concentration. etry or HG-AAS were similar. 7 Also, the HG-AAS
The inverse prediction interval is not strictly symmethod was the second most common method used metrical about the x axis, nor is it of equal width across by these laboratories for Se analysis; 23% of the par-all values of serum Se. Therefore, the reported forticipating laboratories used this method. 7 Thus, the mulae for predicted value ± confidence region are apmethods used in this study are adequate for diagnostic purposes and are in common use. The relationships between serum Se and blood Se seen in this study proximations used to simplify the presentation of results. However, because our sample sizes are very large, the values for these approximations are accurate to would probably be similar if other equally sensitive within 0.01 µg/ml. methods of analysis were used.
The animals sampled repeatedly and analyzed by In cattle, the cellular component contained approxthe ICP method were deficient initially and were supimately 73% of the Se in blood, 13 and approximately plemented and tested again at a later date. Therefore, 98% of the GSH-Px activity in blood was associated the data for the animals sampled 2 or 3 times had a with the erythrocytes. 13 Using peripheral blood, the bimodal distribution, with a large number of data points best measures of nutritional Se status in cattle would in the deficiency range that tended to anchor the reseem to be erythrocyte Se (or GSH-Px) or blood Se (or gression for this group near the origin. We believe this GSH-Px). In this study, the correlation between blood concentration of data points for these subsets resulted Se and serum Se in cattle was reasonable using both in a significant difference between those animals samthe HG-AAS ( r 2 = 0.62) and the ICP ( r 2 = 0.77 [simple pled once and those sampled 2 or 3 times. It is common model] and adjusted R 2 = 0.82 [expanded model]) for diagnostic laboratories to receive specimens from methods. However, the inverse prediction intervals both Se-deficient and Se-supplemented cattle; therewere fairly wide (Figs. 2, 4, 5; Table 1 ). The diagnostic fore, all ICP data were included in a single analysis. accuracy for estimating the blood Se concentration from The reasons for the failure of serum Se to predict the serum Se value is quite limited. For example, serum blood Se were not apparent in this study. One impor-Se values of 0.01-0.05 µg/ml would predict blood Se tant potential source of variation is hemolysis, which concentrations ranging from grossly deficient (<0.05 would add erythrocyte cellular components to the se-&ml) to normal (>0.10 µg/ml). The measurement of rum fraction. The amount of Se added to the serum serum Se did not accurately predict whether blood Se by hemolysis would be dependent upon erythrocyte Se was within the reference range or at deficiency levels. concentration and the amount of hemolysis. Visual assessment of serum alone cannot predict the amount of hemolysis present, and significant cellular contents could be added to the serum fraction and remain undetected. Additional studies would be necessary to quantify the effects of hemolysis on serum Se concentration; however, serum samples received by diagnostic laboratories will be hemolyzed to various degrees, and the use of serum for Se measurement poses a practical problem. Another source of variation in the relationship between serum Se and blood Se could be short-term changes in dietary Se intake or supplementation causing changes in serum Se that are not yet reflected in erythrocyte Se concentration. The incorporation of Se into erythrocytes may take days to weeks. Other factors, such as genetic variation, could affect Se metabolism and the relationship between serum Se and blood Se. Based on our data, the use of serum Se concentration to assess nutritional respect to Se is not appropriate.
status of cattle with
